1. Introduction
===============

*Pneumocystis jirovecii* pneumonia (PCP) is considered an important opportunistic infection in immunocompromised hosts.^\[[@R1],[@R2]\]^ Cytomegalovirus (CMV) is also a major cause of morbidity and a preventable cause of mortality in immunocompromised patients.^\[[@R3]\]^ It is frequently reactivated in patients infected with other pathogens, especially in respiratory specimens of patients with PCP.^\[[@R4]\]^ CMV viral replication has both direct and indirect effects in immunocompromised hosts.^\[[@R5],[@R6]\]^ However, previous studies found no significant influence of CMV co-infection on the outcome of PCP,^\[[@R7]--[@R9]\]^ although some studies have suggested that the clinical impact of CMV co-infection PCP might be affected by adjunctive corticosteroid therapy.^\[[@R10],[@R11]\]^ Thus, the clinical significance of concomitant CMV pulmonary replication in PCP is uncertain.

In the past 20 years, it has become clear that CMV-specific immunity plays a crucial role in controlling CMV infection.^\[[@R12],[@R13]\]^ Analysis of the CMV-specific T-cell response can allow direct quantification of host immunity to CMV, and combined knowledge of host and viral factors could help to assess the role of CMV co-infection in PCP. We therefore prospectively evaluated the clinical significance of CMV pulmonary infection in non-HIV-infected patients with PCP by assessing CMV viral load in bronchoalveolar lavage (BAL) fluid and CMV-specific T-cell responses in peripheral blood.

2. Methods
==========

2.1. Study design
-----------------

All non-HIV-infected adult patients (aged ≥16 years) who were diagnosed with PCP were prospectively enrolled at Asan Medical Center, a 2700-bed tertiary hospital in Seoul, South Korea, between January 2014 and December 2015. We enrolled adult patients with confirmed PCP (see below) who agreed to additional sampling for peripheral blood mononuclear cells (PBMCs). We excluded HIV-infected patients with confirmed PCP. We used the fourth generation HIV-1/2 antigen/antibody combination immunoassay for the diagnosis of HIV infection. In addition, in the case of a negative immunoassay result in which acute HIV-1 infection was still suspected, we performed plasma HIV-1 RNA testing to diagnose acute HIV-1 infection and minimize the window period. Decisions regarding antiviral therapy for CMV, such as ganciclovir, were made by the attending physicians based on each patient\'s initial clinical features, blood tests, microbiological results, and image findings. The results for CMV-specific cell-mediated immunity (CMV CMI) were concealed from the attending physicians because they might have affected decisions on antiviral therapy. The study was approved by the Institutional Review Board of the Asan Medical Center (IRB No. 2014-0198).

2.2. Definitions
----------------

Pulmonary CMV co-infection was defined as positive BAL quantitative CMV polymerase chain reaction (qPCR) with or without positive BAL CMV culture. Based on PaO~2~ while breathing room air or on the alveolar--arterial oxygen difference (\[A--a\] DO~2~), patients were classified into those with mild (PaO~2~ \>70 mm Hg or\[A--a\] DO~2~\<35), moderate (PCP: PaO~2~ ≤70 mm Hg or\[A--a\] DO~2~ ≥35), or severe (PaO~2~ ≤60 mm Hg or\[A--a\] DO~2~ ≥45) PCP before bronchoscopy.^\[[@R2]\]^ Antiviral therapy was defined as intravenous ganciclovir treatment for at least 1 week, and failure of the initial treatment regimen was defined as clinical deterioration during the first 5 days of treatment or lack of improvement after 7 or more days of treatment.^\[[@R14]\]^ The primary outcome was 30-day mortality from the time of BAL.

2.3. Microbiological methods
----------------------------

PCP was diagnosed as a positive test result in an immunohistochemical (IHC) antibody assay (Dako, Santa Babara, CA) for *P jirovecii* using BAL fluid in patients with respiratory symptoms and radiological findings compatible with PCP. All the IHC tests for PCP were read by 1 experienced clinical microbiologist (H.S.). Additional microbiological investigations performed on BAL included Gram stain, acid-fast stain, and cultures for conventional bacteria, mycobacteria, fungi, and viruses. CMV DNA load (CMV qPCR) in BAL was measured using a Cobas Amplicor CMV Monitor-Test Kit on a COBAS Amplicor Analyzer (Roche Molecular Systems, Branchburg). For respiratory virus screening and identification of viruses other than CMV, including respiratory syncytial virus, influenza virus, parainfluenza virus, and adenovirus were detected by real-time PCR.

2.4. ELISPOT
------------

A peripheral venous blood sample (∼8 mL) was collected from each patient for the CMV enzyme-linked immunospot (ELISPOT) assay for T cells producing interferone gamma (IFN-γ) (i.e., T-track CMV, Regensburg, Germany). Briefly, PBMCs were immediately (within 30 minutes) separated and collected. The collected cells were suspended at 2.0 × 10^6^ cells/mL and plated in 4 wells (2.0 × 10^5^ cells/well) precoated with the antihuman IFN-γ antibody. The samples were stimulated with phytohemagglutinin (PHA, positive control), pp65, IE1, and medium only (negative control) and incubated for 18 hours. The resulting spots were counted with an automated microscope (ELISPOT 04 HR; Autoimmune Diagnostika GmbH, Strassberg, Germany). Background values, obtained from the negative control wells, were subtracted from all values.

2.5. Statistical analysis
-------------------------

Patient characteristics were summarized using percentages or median and interquartile range (IQR). Categorical variables were compared using the χ^2^ test or Fisher exact test. Continuous variables were analyzed by the Mann--Whitney *U*-test. The time-to-event analysis was performed using Kaplan--Meier estimates and the log-rank test. Cox proportional hazard regression models for multivariate analyses were conducted using backward elimination. Factors with *P* \<.10 in the univariate analyses were considered for entry into a multivariate analysis, which was limited to 2 factors because of the number of events. Correlations between the variables (multicollinearity) were also considered. All tests were 2-tailed, and differences were considered significant at *P* \<.05. Diagnostic performance was expressed in terms of sensitivity, specificity, positive predictive value, negative predictive value, positive likelihood ratio, and negative likelihood ratio. We assessed the optimal cut-off point for each of the tests used for predicting mortality by constructing a receiver operating characteristic (ROC) curve that plotted sensitivity against the rate of false-positive results over a range of cut-off values.^\[[@R15]\]^ We selected the optimal cut-off value as the point on the ROC curve farthest from the diagonal line that maximized the sum of the sensitivity and the specificity.^\[[@R16]\]^ All statistical calculations were carried out with SPSS version 21.0 (SPSS, Armonk, NY), and figures were created with GraphPad Prism 5.01 for Windows (GraphPad Software, San Diego, CA).

3. Results
==========

3.1. Patients characteristics
-----------------------------

During the study period, a total of 82 patients with confirmed PCP were screened for possible enrollment in the study. Of these 82 patients, 6 (7%) were excluded because they refused informed consent. Therefore, 76 patients with confirmed PCP were included in the final analysis. Hematological diseases, including 28 (37%) lymphomas and 4 (5%) hematopoietic stem cell transplants, were the most common underlying diseases; solid organ transplants, including 19 (25%) kidney, 4 (5%) pancreas, 4 (5%) liver, and 2 (3%) heart transplants, were the second most common. The initial PCP was mild in 24 (32%) patients, moderate in 19 (25%), and severe in 33 (43%). All patients were treated with trimethoprim--sulfamethoxazole as initial therapy for PCP.

3.2. Comparison of PCP patients with and without pulmonary CMV infection
------------------------------------------------------------------------

Of the 76 patients with PCP, 34 (45%) with positive CMV qPCR and/or CMV culture (4 \[5%\]) from BAL fluid were classified as patients with pulmonary CMV co-infection. The demographic data, clinical characteristics, and mortality of patients with and without pulmonary CMV co-infection are shown in Table [1](#T1){ref-type="table"}. The 34 patients with pulmonary CMV co-infection were older (*P* = .01) and included more solid organ transplant recipients than the 43 patients without pulmonary CMV co-infection (53% vs. 26%, *P* = .02). Conversely, hematological disorders (32% vs. 55%, *P* = .051) and solid tumors receiving chemotherapy (0% vs. 12%, *P* = .06) tended to be more common in those without pulmonary CMV co-infection. More of the patients with pulmonary CMV co-infection received mechanical ventilation (50% vs. 14%, *P* = .001), ICU care (62% vs. 31%, *P* = .007), and ganciclovir therapy (44% vs. 10%, *P* = .001). However, 30-day mortality was not significantly different between the PCP patients with and without CMV (18% vs 5%, *P* = .13)
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Comparison the characteristics of *Pneumocystis jirovecii* pneumonia with and without pulmonary cytomegalovirus infection.
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3.3. Comparison of PCP patients with high CMV-specific T-cell responses and low CMV-specific T-cell responses
-------------------------------------------------------------------------------------------------------------

The patients were divided into 2 groups based on the CMV ELISPOT results with a cut-off value (≥5 sfc/200,000 cells) selected from the ROC curves. Of the 76 patients, 29 (38%) patients were classified into the low CMV-specific CMI group and 47 (62%) into the high CMV-specific CMI group. The characteristics and mortality of the patients stratified by low and high CMV ELISPOT results are shown in Table [2](#T2){ref-type="table"}. Age, male gender, and underlying diseases were comparable in the 2 groups. Pulmonary co-infection due to bacterial (14% vs. 0%, *P* = .02) and fungal organisms (21% vs 4%, *P* = .048) was more common in the low CMV CMI group, as was severe PCP (62% vs 32%, *P* = .01). In addition, mechanical ventilation (48% vs 19%, *P* = .007), ICU care (62% vs. 34%, *P* = .02), salvage treatment for PCP due to initial treatment failure (35% vs 6%, *P* = .002), as well as ganciclovir therapy (41% vs 15%, *P* = .01) were significantly more common among the PCP patients with low CMV CMI. Thirty-day mortality was also higher in this group (21% vs 4%, *P* = .048).
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Comparison the characteristics of *Pneumocystis jirovecii* pneumonia with low CMV-specific cell-mediated immunity and high CMV-specific cell-mediated immunity.
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3.4. Risk factors for 30-day mortality
--------------------------------------

Univariate and multivariate analyses of factors associated with 30-day mortality are shown in Table [3](#T3){ref-type="table"}. In the univariate analysis, age, steroid use, pulmonary fungal co-infection, mechanical ventilation, ICU care, low CMV ELISPOT, and ganciclovir therapy were associated with an increased risk of 30-day mortality. In the multivariate analysis, age (hazard ratio \[HR\] 1.1, 95% confidence interval \[CI\] 1.0--1.2, *P* = .01) and low CMV CMI (low CMV ELISPOT \[\< 5 sfc/200,000 cells\], HR 5.3, 95% CI 1.0--26.3, *P* = .04) were independently associated with 30-day mortality. Supplementary Fig. 1, shows Kaplan--Meier survival curves comparing patients with high BAL CMV viral load to those with low CMV viral load (*P* = .051), and patients with high CMV CMI to those with low CMV CMI (*P* = .02), respectively. On the basis of these results, we stratified the study patients into 4 groups by BAL CMV viral load and CMV CMI, and compared the 30-day mortalities (Fig. [1](#F1){ref-type="fig"}). Supplementary Table 1, shows the characteristics of patients with PCP with respect to the strata. Each stratum contains 14 patients for high viral replication with low CMI, 15 for low viral replication with low CMI, 18 for high viral replication with high CMI, and 29 for low viral replication with high CMI. The strata with high CMV viral loads and low CMV-specific T-cell responses (4/14 \[29%\]) and low CMV viral load and low CMV-specific T-cell responses (2/15 \[13%\]) had worse outcomes than the strata with high CMV viral load and high CMV-specific T-cell response (2/18 \[11%\]) and low CMV viral load and high CMV-specific T-cell responses (0/29 \[0%\]).
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Risk factors for 30-day mortality in patients with *Pneumocystis jirovecii* pneumonia.
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![The 4-group model using quantitative CMV PCR for BAL fluid and CMV ELISPOT results for blood to predict outcomes in *Pneumocystis jirovecii* pneumonia. BAL = bronchoalveolar lavage, CMV = cytomegalovirus, ELISPOT = enzyme-linked immunospot, PCR = polymerase chain reaction.](medi-96-e7243-g004){#F1}

3.5. Diagnostic performances of BAL CMV viral load and CMV-specific ELISPOT for predicting mortality
----------------------------------------------------------------------------------------------------

We estimated the diagnostic performances of BAL CMV qPCR and the CMV-specific ELISPOT assay for predicting 30-day mortality. The detailed data for each cut-off value for predicting 30-day mortality in patients with confirmed PCP are shown in Supplementary Table 2.

4. Discussion
=============

In this study, we prospectively assessed the association of pulmonary CMV co-infection with clinical outcomes in non-HIV-infected PCP patients, using BAL CMV viral load and CMV-specific T-cell response. As expected, patients with pulmonary CMV co-infection had worse prognostic factors, such as solid organ transplantation, mechanical ventilation, and ICU care. However, the mortality of patients with and without pulmonary CMV co-infection was not significantly different (18% vs 5%, *P* = .13). In contrast, low CMV-specific T-cell response was significantly associated with mortality, even though the patients with low CMV-specific T-cell response had similar poor prognostic factors (mechanical ventilation and ICU care) as those with pulmonary CMV co-infection. These findings provide further insight into the complex host--virus interactions in critically ill patients with PCP.

In previous studies, reactivation of CMV was observed in about 30% of critically ill patients in the ICU and was independently associated with prolonged ICU stay and increased mortality.^\[[@R17]--[@R21]\]^ Whether CMV reactivation is the cause of adverse outcomes or a simple marker of immunocompromised and debilitated status has not been established. In addition, the effectiveness of anti-CMV agents, such as ganciclovir in patients with CMV infections, has not been tested. We hypothesized that if the CMV-specific T-cell response was intact when CMV was reactivated, the host might eventually control viral replication and the immunomodulatory or immunopathological effect of CMV would be minimized. However, if CMV was reactivated but the CMV-specific T-cell response was not intact, the host would eventually be unable to control viral replication and CMV would have a strong immunomodulatory or immunopathological effect. In this context, we assumed that stratification by viral load and CMV-specific T-cell response would help us evaluate whether the beneficial effect of ganciclovir use outweighed its toxic effect. To test this hypothesis, we selected non-HIV-infected patients with confirmed PCP because PCP is one of the most important infections in immunocompromised hosts, and it is frequently accompanied by CMV co-infection. We clearly showed that CMV replication and impaired CMV-specific T-cell responses adversely affected the outcomes in these patients. Further studies are needed to generalize these findings to other critically ill patients, and to investigate whether antiviral therapy is beneficial in particular subgroups of patients with CMV co-infection.

The finding of no significant association of CMV viral load with outcome in patients with PCP is consistent with previous studies in PCP patients.^\[[@R9],[@R22]\]^ However, the CMV-specific T-cell response was independently associated with 30-day mortality. A possible explanation for this observation is that PCP together with a critical illness may decrease cell-mediated immunity (immune paralysis), leading to uncontrollable CMV replication. Eventually, the direct or indirect effect of CMV replication and immunosuppression may increase the risk of bacterial or fungal co-infection^\[[@R23],[@R24]\]^ and lead to adverse outcomes. Furthermore, studies using animal models have shown that CMV infection inhibits immune responses against *P jirovecii*, and contributes to delayed clearance of the organism.^\[[@R25],[@R26]\]^

This study had a few limitations. First, the sample size and the number of events were not enough to allow robust conclusions. Despite that, the study involved relatively large numbers of fairly homogenous patients with confirmed PCP infections and allowed us to demonstrate a statistically significant effect of low cell-mediated immunity on 30-day mortality. Second, although both pp65 and IE-1 are considered dominant T-cell targets for CMV infection,^\[[@R27]\]^ it has not been known which platform technologies for various target antigens optimally reflect the protective T-cell response in CMV infection. As such, further studies are needed for our findings to be applicable to other target antigens, such as IE-2, pp50, or pp150, other platform technologies for producing antigens, such as overlapping peptides or CMV cell lysates, and other diagnostic methods such as ELISA-based IFN-gamma releasing assays or FACS-based intracellular cytokine staining. Third, we evaluated the CMV-specific CMI only at the time of PCP diagnosis. Thus, we could not evaluate whether the CMV-specific immune response was affected after ganciclovir therapy. The measurement of CMV-specific CMI at several time points during the disease course will help us further understand the kinetics of CMV-specific CMI in patients with CMV co-infection.

In conclusion, this study suggests that low CMV CMI with high BAL CMV viral load is associated with 30-day mortality and vice versa. This finding could be helpful in guiding further study of the use of antivirals in patients with CMV co-infection. Further large-scale epidemiological studies and application of these research findings are needed to therapeutically benefit patients with PCP and CMV co-infection.
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